Introduction {#S0001}
============

Glaucoma, a chronic optic neuropathy, is a major cause of irreversible blindness around the world.[@CIT0001],[@CIT0002] Although the pathogenesis of glaucoma remains unclear, a consensus exists that progressive degeneration in the retinal ganglion cells (RGCs) is a key cellular event that leads to characteristic glaucomatous optic disc changes with associated visual field loss.[@CIT0003] Current treatment strategies stem from the concept of lowering intraocular pressure (IOP), the primary modifiable risk factor associated with disease progression,[@CIT0001],[@CIT0002] based on robust evidence from animal experiments showing the close relationship between IOP level and RCG death[@CIT0004] and major randomized controlled trials showing the protective effect of IOP lowering on visual field progression in glaucoma eyes.[@CIT0002]

Ripasudil hydrochloride hydrate (brand name: Glanatec ophthalmic solution 0.4%; Kowa Company, Ltd., Japan; hereafter referred to as ripasudil) is the world's first Rho-associated coiled﻿-coil﻿-containing protein kinase (ROCK) inhibitor eyedrop that lowers IOP by increasing conventional aqueous outflow through the trabecular meshwork and Schlemm's canal.[@CIT0005] Rho is a Ras homologue of small GTPase that regulates various fundamental cell behaviors via Rho/ROCK signaling. In trabecular meshwork cells, Rho guanine nucleotide exchange factor (RhoGEF) activates Rho by catalyzing GDP--GTP exchange following binding of agonist to its receptor (e.g., G-protein coupled receptor). GTP-bound Rho then binds to the downstream effector proteins ROCK1 and ROCK2 and activates them. Activated ROCK1/2 phosphorylates myosin light chain (MLC) and Lin-1/Isl-1/Mec-3 kinase (LIMK) and enhances cytoskeletal remodeling and synthesis and assembly of extracellular matrix, resulting in increased tissue contraction and stiffness ([Figure 1](#F0001){ref-type="fig"}).[@CIT0006]--[@CIT0010] The effects of ROCK inhibitors on cell components responsible for the trabecular outflow pathway have been well documented in preclinical studies. In cultured trabecular meshwork cells, addition of ROCK inhibitors caused morphological changes accompanied by disruption of actin bundles and disassembly of focal adhesion.[@CIT0011]--[@CIT0015] ROCK inhibitors also affect cultured Schlemm's canal endothelial (SCE) cells and increase their permeability.[@CIT0013],[@CIT0014],[@CIT0016] Many animal experiments support the efficacy of ROCK inhibitors in IOP reduction,[@CIT0011],[@CIT0012],[@CIT0017]-[@CIT0021] and several ex vivo and in vivo experiments demonstrated conventional outflow tissue responses to ROCK inhibitors: increased aqueous humor outflow,[@CIT0011],[@CIT0012],[@CIT0017],[@CIT0020] expanded outflow route,[@CIT0022] and suppression of the fibrogenic response.[@CIT0021]Figure 1Schematic illustration of the Rho/ROCK signaling pathway in trabecular meshwork cells.**Abbreviations:** RhoGEF, Rho guanine nucleotide exchange factor; ROCK, Rho-associated coiled﻿-coil﻿-containing protein kinase; MLC, myosin light chain; LIMK, Lin-1/Isl-1/Mec-3 kinase; ECM, extracellular matrix.

Since the approval of ripasudil eyedrops in September 2014 for patients with glaucoma or ocular hypertension (OHT) that was uncontrolled by other IOP--lowering eyedrops, a large store of clinical data has been amassed in Japan. In this review, we will provide current evidence-based information on the safety and efficacy of ripasudil and discuss the selection of patients to maximize the benefits of this newly developed glaucoma eyedrop.

Safety of Ripasudil {#S0002}
===================

The safety profile of ripasudil seems to be superior to that of prostaglandin analogues (PGAs) and other IOP-lowering agents. As with PGAs, the majority of ripasudil-related adverse reactions occur locally, and systemic adverse events rarely happen. The most frequent adverse drug reaction (ADR) in eyes treated with ripasudil is conjunctival hyperemia, probably due to relaxation of smooth muscle of the blood vessels resulting from inhibition of Rho kinase.[@CIT0005] In a Phase 2 randomized clinical study of K-115 monotherapy to identify the optimal dose for primary open-angle glaucoma (POAG) or OHT, conjunctival hyperemia was found in 32 (65.3%) of 49 patients in the 0.4% K-115 (ripasudil) group and in 7 (13.0%) of 54 patients in the placebo group.[@CIT0023] The incidence of conjunctival hyperemia was approximately the same as that in two Phase 3 randomized clinical trials that evaluated the additive IOP-lowering effects and the safety of ripasudil combined with timolol 0.5% (Ripasudil--Timolol Study) or latanoprost 0.005% (Ripasudil--Latanoprost Study). After the addition of ripasudil to first-line drugs, conjunctival hyperemia was noted as an adverse event in 68 (65.4%) of 104 patients in the Ripasudil--Timolol Study and in 57 (55.9%) of 102 patients in the Ripasudil--Latanoprost Study.[@CIT0024] Although its incidence is extremely high, conjunctival hyperemia induced by ripasudil instillation is generally mild and transient.[@CIT0023],[@CIT0025] In a multicenter prospective study investigating the kinetic change in ripasudil-induced conjunctival hyperemia, the median offset time of hyperemia was 90 min, and hyperemia disappeared within 60 min in approximately half of the patients.[@CIT0026] Accordingly, the frequency of conjunctival hyperemia would be underestimated in a real-world clinical setting. In fact, in the interim analysis of a 2-year prospective observational postmarketing surveillance study (ROCK-J study) of 3459 patients including all glaucoma subtypes, 244 (8.0%) of 3058 patients had ADRs after ripasudil administration, and the incidence rate of the most common ADR, conjunctival hyperemia, was reported to be 4.0%.[@CIT0027] Therefore, in daily clinical practice, it is important to pre-inform patients of mild and transient conjunctival hyperemia before ripasudil treatment.

Other ocular ADRs include allergic conjunctivitis, blepharitis, punctate keratitis, and others. In a retrospective review of 92 cases of all glaucoma subtypes, 6 patients (6.5%) had blepharitis, 5 (5.4%) had a topical allergy, and 2 (2.2%) complained of a burning sensation.[@CIT0028] Saito et al performed a data analysis of 103 consecutive ripasudil-treated glaucoma patients and reported the incidence of blepharitis (25.2%) and its risk factor: a past history of allergic reaction to other glaucoma medication.[@CIT0029] Tanihara et al conducted a multicenter, prospective, open-label study of 388 patients with POAG, OHT, or exfoliation glaucoma (XFG) and reported that the incidence of blepharitis and allergic conjunctivitis was 20.6% and 17.2%, respectively.[@CIT0030] In the interim analysis of the ROCK-J study, conjunctivitis (1.4%), blepharitis (0.8%), and eye pruritus (0.5%) were observed as ADRs.[@CIT0027] From these results, the incidence of ocular ADRs other than conjunctival hyperemia seems to be not very high, but care should be taken because these ADRs were often among the major reasons for discontinuation of ripasudil treatment.[@CIT0027],[@CIT0029]-[@CIT0032] Nonocular ADRs of ripasudil are rare and generally not severe: constipation (0.6%), headache (0.1%), dizziness (0.1%), nausea (0.1%), and others.[@CIT0027],[@CIT0030] However, Inoue et al reported a significant decrease in blood pressure 1 month after ripasudil administration in a retrospective study of 51 POAG cases,[@CIT0033] and we observed one patient with uveitic glaucoma (UG) who had a severe backlash after ripasudil treatment.[@CIT0034] Therefore, severe nonocular ADRs, although rare, should also be borne in mind.

Efficacy of Ripasudil {#S0003}
=====================

The IOP-lowering efficacy of ripasudil has been well investigated in eyes with POAG or OHT. Concerning the efficacy of ripasudil as monotherapy, a multicenter, prospective, randomized, Latin-square crossover study observed a statistically significant reduction in IOP compared with placebo for at least 7 hours after ripasudil instillation in patients with POAG or OHT.[@CIT0035] Tanihara et al conducted a phase 2 clinical trial that aimed to identify the optimal dose of K-115 in 210 patients with POAG or OHT. The trial found that 0.4% K-115 (ripasudil) twice daily lowered mean IOP by 3.5 mmHg at trough (before instillation) and by 4.5 mmHg at peak (2 hours after instillation) 8 weeks after treatment.[@CIT0023] A report from the K-115 Clinical Study Group in Japan, which performed a prospective study to investigate the IOP-lowering effects of 0.4% K-115 (ripasudil) in 173 patients with POAG, OHT, or XFG, showed that ripasudil monotherapy reduced mean IOP from baseline to week 52 by 2.6 mmHg at trough and 3.7 mmHg at peak.[@CIT0030]

Since current first-line medical therapy for POAG or OHT is topical PGAs or β-blockers, the effects of ripasudil in combination with these drugs were tested. The results from a pair of phase 3 trials (the Ripasudil--Timolol Study and Ripasudil--Latanoprost Study) comprising 413 patients with POAG or OHT showed that the mean reduction in IOP at 8 weeks from baseline was 2.4 mmHg at trough and 2.9 mmHg at peak after the addition of ripasudil to timolol, and 2.2 mmHg at trough and 3.2 mmHg at peak after the addition of ripasudil to latanoprost.[@CIT0024] In a small prospective study that attempted to assess the effect of the addition of ripasudil to latanoprost on IOP in 26 patients with POAG or normal tension glaucoma (NTG), mean IOP significantly changed from 16.7 mmHg at baseline to 15.5 mmHg at 1 month and 14.9 mmHg at 3 months (by intention-to-treat analysis).[@CIT0033] The efficacy of adjunctive use of ripasudil has been examined in other clinical settings. Inoue et al retrospectively analyzed 119 eyes with POAG, OHT, or NTG treated with an average of 3.8 anti-glaucoma medications and reported that the addition of ripasudil significantly lowered mean IOP from 19.8 mmHg at baseline to 17.5 mmHg at 1 month and 16.8 mmHg at 3 months.[@CIT0036] Inagazi et al conducted a prospective interventional study in patients with POAG treated with maximum medical therapy and demonstrated that the addition of ripasudil led to reductions in mean IOP from baseline of 2.8 mmHg at 3 months and 2.6 mmHg at 12 months.[@CIT0037],[@CIT0038] The K-115 Clinical Study Group carried out a prospective study in patients with POAG, OHT, or XFG and reported that ripasudil additive therapy reduced mean IOP at trough and at peak from baseline to week 52 by 1.4 and 2.4 mmHg (combined with PGAs), 2.2 and 3.0 mmHg (combined with β-blockers), and 1.7 and 1.7 mmHg (combined with PGAs/β-blockers).[@CIT0035]

Two retrospective studies evaluated the efficacy of ripasudil treatment in eyes with UG. Yasuda et al reviewed the medical records of 36 uveitic eyes with IOP elevation \>21 mmHg (divided into inflammation-induced OHT and corticosteroid-induced OHT) and analyzed changes in IOP and anterior aqueous flare values (photon counts per millisecond \[pc/ms\]) measured by an aqueous flare meter (Kowa FM-700 Aqueous, Kowa Medicals, Japan) after ripasudil treatment. After a mean duration of 5.2 months, significant decreases in mean IOP and aqueous flare were seen in 20 eyes with inflammation-induced OHT from 26.4 mmHg and 28.1 pc/ms to 17.9 mmHg and 17.1 pc/ms, respectively. In the 16 eyes with corticosteroid-induced OHT, a significant reduction in mean IOP from 26.7 to 18.6 mmHg was observed, but the aqueous flare value remained unchanged from 18.7 to 22.6 pc/ms. Multiple linear regression analysis extracted higher IOP before treatment as a factor for predicting a greater decrease in IOP after treatment. In addition, although a significant IOP reduction after ripasudil treatment is clearly shown, the scatter plots indicate the presence of responders and nonresponders to ripasudil treatment.[@CIT0039] We investigated 21 eyes with open-angle UG, 19 of which were treated with topical, periocular, and/or systemic steroid therapy before ripasudil treatment. The median (minimum, maximum) IOP significantly decreased from 23 (13, 46) mmHg at baseline to 18 (12, 44) mmHg at 12 months. Changes in IOP varied widely between individuals in our cases: only 60% of eyes attained IOP reduction ≥2 mmHg at 1 month after ripasudil treatment. In the responder analysis (defined as a reduction ≥3 mmHg at 1 month), 52% were classified as ripasudil responders, and the median (minimum, maximum) IOP change from baseline to 1 month was -- 0.5 (-- 2, +8) mmHg in nonresponders and -- 6 (-- 36, --3) mmHg in responders.[@CIT0034] Thus, according to the results of these two studies, the magnitude of IOP reduction after ripasudil treatment was high in eyes with UG among ripasudil responders.

To obtain insight into ripasudil use in a real-world clinical setting, three retrospective studies were conducted and one prospective study is ongoing in Japan that targets all glaucoma subtypes. Sato et al reviewed 92 patients who received ripasudil as an additive glaucoma treatment, comprising 43 patients with POAG, 28 with NTG, 10 with secondary glaucoma (SG), 7 with XFG, and 4 with developmental glaucoma (DG), and reported that mean IOP decreased from 18.9 mmHg at baseline (n = 92) to 15.8 mmHg at 6 months (n = 55).[@CIT0028] Kawara et al (our group) examined 116 consecutive ripasudil-treated patients (76 POAG, 31 SG, and 9 DG patients) and showed that the median (interquartile range) IOP was significantly lowered from 19.0 (17.0\~22.5) mmHg at baseline to 16.0 (15.0\~20.0) mmHg at 6 months.[@CIT0031] Komizo et al analyzed the data from 58 patients who were treated with adjunctive ripasudil therapy (38 POAG, 6 XFG, and 14 SG patients) and found that the mean IOP value measured in the morning was significantly lower than that measured in the afternoon by 1.3 mmHg.[@CIT0040] In the interim analysis of a postmarketing surveillance prospective study (ROCK-J study) comprising 124 patients with OHT, 1389 with POAG, 1128 with NTG, 277 with SG, 64 with primary angle-closure glaucoma (PACG), 3 with childhood glaucoma, and 73 with other types of glaucoma or OHT, mean IOP was significantly decreased 3 months after ripasudil treatment in patients with POAG (-- 2.9 mmHg), PACG (-- 3.9 mmHg), OHT (-- 3.8 mmHg), XFG (-- 3.0 mmHg), UG (-- 4.7 mmHg), and steroid-induced glaucoma (-- 5.5 mmHg). However, the mean IOP change did not reach statistical significance in patients with neovascular glaucoma (-- 2.8 mmHg; *P* = 0.669). Moreover, mean IOP was significantly reduced for all treatment initiation patterns: --2.8 mmHg in the "Initial monotherapy" group, --6.7 mmHg in the "Initial combination therapy" group, --2.7 mmHg in the "Switch from prior treatment" group, --2.4 mmHg in the "Add-on (only)" group, and -- 3.1 mmHg in the "Add-on (with other glaucoma drug)" group.[@CIT0027]

The accumulated evidence so far suggests that ripasudil is a promising anti-glaucoma drug that can lower IOP irrespective of glaucoma subtype and the pattern of treatment initiation.

Patient Selection {#S0004}
=================

In clinical practice, PGA eyedrops remain the major medical treatment option for patients with glaucoma or OHT due to their well-balanced profile between safety and efficacy. Ocular ADRs, such as conjunctiva hyperemia, increased iris pigmentation, and eyelash changes, frequently occur in eyes treated with PGAs. Moreover, prolonged use of topical PGAs increases the frequency of periocular changes referred to as prostaglandin-associated periorbitopathy (PAP), including deepening of the upper eyelid sulcus (DUES), upper eyelid ptosis/retraction, loss of inferior orbital fat pads and enophthalmos, eyelid pigmentation, and eyelash changes.[@CIT0041] Notwithstanding these local ADRs, a favorable systemic side-effect profile compared with β-adrenergic antagonists is one of the key reasons for the designation of PGAs as first-line medical therapy. Ripasudil's systemic side-effect profile is equal or superior to that of PGAs because the reported systemic adverse effects are minimal except for allergic reactions, and most of the local adverse events are transient and/or mild in patients treated with ripasudil compared with those in patients treated with PGAs.[@CIT0023]--[@CIT0025],[@CIT0027],[@CIT0030] Cosmetic problems associated with long-term use of PGAs could be serious for young patients (especially women) or patients with unilateral glaucoma. The presence of DUES makes it difficult to measure IOP by Goldmann applanation tonometry, and Miki et al reported that preoperative use of bimatoprost might be related to recurrent IOP elevation after trabeculectomy.[@CIT0042] To the best of our knowledge, ripasudil-associated DUES has not been reported. However, blepharitis and conjunctivitis sometimes occur during ripasudil treatment and are among the major reasons for treatment discontinuation.[@CIT0027],[@CIT0029]-[@CIT0032] Corticosteroid ointment may help manage ripasudil-related blepharitis and thereby allow continued ripasudil treatment, but to date, there is no consensus recommendation for the management of ripasudil-related blepharitis. Transient ocular hyperemia is inevitable, as discussed above ([Figure 2](#F0002){ref-type="fig"}). The safety profile of ripasudil compared with that of other anti-glaucoma agents is one of the key factors in patient selection.Figure 2Transient conjunctival hyperemia after ripasudil instillation. (**A**) Before instillation; (**B**) 15 minutes after instillation; (**C**) 30 minutes after instillation; (**D**) 2 hours after instillation.

To date, no head-to-head clinical trials have been conducted allowing direct comparison of the efficacy of ripasudil vs. another anti-glaucoma drug. Further, ripasudil is approved in Japan as a second-line treatment for glaucoma or OHT with inadequate response to PGAs and/or β-blockers or in cases where these drugs are contraindicated. As a result, ripasudil treatment is generally initiated in chronic cases. However, considering that ripasudil acts by increasing conventional aqueous humor outflow by changing the status of the trabecular meshwork and endothelial cells of Schlemm's canal,[@CIT0005] ripasudil treatment should be started during an early stage of glaucoma, before irreversible damage to the components of the trabecular meshwork occurs. Based on this notion, patients with steroid-induced OHT or UG may be good candidates for ripasudil treatment, because their eyes often show a sudden-onset rise in IOP associated with corticosteroid use or deterioration of inflammation, indicating that the drainage function of the trabecular meshwork is likely sufficiently preserved to maintain normal IOP. This idea is endorsed by the presence of ripasudil responders among patients with steroid-induced OHT or UG who show a considerable reduction in IOP soon after ripasudil treatment.[@CIT0034],[@CIT0039] The advantage of early intervention with ripasudil should be evaluated in future studies.

Recently, pleiotropic effects of ripasudil have been reported, including neuroprotection, increased ocular blood flow, anti-inflammation, anti-scarring, decreased macular thickness in eyes with diabetic macular edema, and changes in corneal endothelial cells.[@CIT0043]--[@CIT0046] However, these auxiliary effects should not be used for patient selection, because no human clinical trials have proven the true efficacy and/or safety of ripasudil in patients with such ocular conditions.

Conclusions {#S0005}
===========

Ripasudil is well tolerated and effective against almost all subtypes of glaucoma. With regard to safety, conjunctival hyperemia is the most common ADR, but it is unlikely to be a reason for discontinuation if the patient is pre-informed, as it is usually transient and mild. On the other hand, blepharitis and allergic conjunctivitis are ADRs to be carefully monitored because they may be causes for ripasudil discontinuation. The systemic adverse effects of ripasudil are minimal, except for allergic reactions. With regard to efficacy, ripasudil is expected to lower IOP in almost all glaucoma subtypes, regardless of the treatment initiation pattern. However, the status of the trabecular meshwork may affect the IOP-lowering effect of ripasudil and hereby determine whether an eye is a responder or a non-responder. In patient selection, both the safety and the efficacy profiles of ripasudil should be considered. Because irreversible damage to the trabecular meshwork would considerably affect the drug's efficacy, it may be better to start ripasudil treatment during an early stage of glaucoma.

ROCK inhibitors are a new class of topical IOP-lowering drugs. More data from clinical trials and postmarketing studies will be required to establish best practices for the treatment of patients with glaucoma or OHT using ROCK inhibitor ophthalmic solution. Several ROCK inhibitors other than ripasudil are currently being studied or used clinically. Among these, netarsudil (Rhopressa, Aerie Pharmaceuticals) was approved by the US Food and Drug Administration in 2017 for treatment of open-angle glaucoma and OHT, and its safety and efficacy are now being evaluated in clinical practice.[@CIT0043] The set of clinical data on ripasudil introduced in this review would be a benchmark for evaluation of the safety and efficacy of netarsudil and other future topical ROCK inhibitors.
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